We report on details of coherent LO phonon generation in surface-space-charge regions of III-V-compounds by optical injection of free carriers with laser pulses of 50 fs duration at 2 eV. Both the dynamics of the transient surface field, as well as the coherent lattice vibration, are measured via electro-optic sampling techniques under different experimental conditions. The driving force for the coherent phonon vibration is the sudden depolarization of the crystal lattice due to ultrafast screening of the intrinsic electrical surface field by photoexcited free carriers. 78.47.+p, 42.65.Re, Since the invention of the CPM ring dye laser, pump-probe techniques have widely been used to study relaxation of nonequilibria in condensed matter down to the subpicosecond time regime [1, 2] . In many of these experiments periodic modulations of transmission or reflectivity changes are observed [3] [4] [5] [6] [7] [8] . They are related to coherent lattice vibrations, modifying the optical dielectric functions. First theoretical explanations of this phenomenon invoked impulsive stimulated Raman scattering (ISRS) [9] . There, the coherent phonons are driven by the difference-frequency of two laser fields contained within an ultrashort laser pulse of sufficient spectral bandwidth. More recently, a displacive excitation mechanism of coherent phonons (DECP) has been discussed. In this case the phonon amplitude is driven by sudden perturbations of the electronic system [10] . Anisotropic hole distributions constitute the driving force for coherent phonons in Ge [11] .
PACS:
78.47.+p, 42.65.Re, 63.20.-e Since the invention of the CPM ring dye laser, pump-probe techniques have widely been used to study relaxation of nonequilibria in condensed matter down to the subpicosecond time regime [1, 2] . In many of these experiments periodic modulations of transmission or reflectivity changes are observed [3] [4] [5] [6] [7] [8] . They are related to coherent lattice vibrations, modifying the optical dielectric functions. First theoretical explanations of this phenomenon invoked impulsive stimulated Raman scattering (ISRS) [9] . There, the coherent phonons are driven by the difference-frequency of two laser fields contained within an ultrashort laser pulse of sufficient spectral bandwidth. More recently, a displacive excitation mechanism of coherent phonons (DECP) has been discussed. In this case the phonon amplitude is driven by sudden perturbations of the electronic system [10] . Anisotropic hole distributions constitute the driving force for coherent phonons in Ge [11] .
A completely different excitation mechanism is found in polar III-V-materials. Optical injection of free carriers by ultrashort laser pulses leads to an ultrafast depolarization of the crystal lattice by screening the electrical field in the surface-space-charge region [7] . This process can be so fast, that coherent longitudinal lattice vibrations are launched.
In this paper, a detailed investigation of the generation mechanism for coherent LO phonons in surface-spacecharge regions of III-V-compounds will be presented. In Sect. 1, the classical equation of motion for the harmonic oscillator is presented, including specific driving force terms for coherent longitudinal optical phonons. In sect. 2 the experimental apparatus for performing time-resolved pumpprobe experiments is outlined. We use a reflective electrooptic detection geometry (time resolved REOS technique [12, 13] ), which is sensitive to longitudinal electrical field changes. Detailed studies of the generation process for coherent LO phonons in surface-space-charge fields are presented in Sect. 3 . These experiments confirm that coherent LO phonons in surface-space-charge regions are launched by an ultrafast longitudinal depolarization of the crystal lattice induced by the screening of the surface field via the photoexcited free carriers.
Driving Forces for Coherent LO Phonons
The most distinct feature of a coherent vibration is the fixed phase relationship among individual modes. Under this condition the amplitude of the coherent oscillation Q(t) can be described by the classical equation of motion of a harmonic oscillator [14] :
where # is the reduced lattice mass, F = T21 the dephasing rate, coLO the LO phonon frequency, and F? j(t) the driving force. In non-centrosymmetric polar semiconductors any nonlinear polarization with a dominant frequency component at ~2LO = (J~k --Et)/h can resonantly drive LO phonons.
Thus, in addition to the atomic displacement Raman tensor, the driving force contains contributions, that are associated with the longitudinal component of a nonlinear polarization pNL [14] : where e* is the effective lattice charge, e(~) the highfrequency dielectric constant, e 0 the vacuum permittivity, and E k, E l pump-field components. The indices j, k, 1 denote the Cartesian coordinates, where j is the x = (100) direction of the LO phonon displacement normal to the surface and k, 1 denote the y = (010) or z = (001) directions.
The atomic-displacement Raman tensor Rjk z determines the coupling via deformation potential interactions. The nonlinear polarization pNC is composed of
where X~22t and X]2z,~ are the second-and third-order nonlinear susceptibilities, and Jj (t) is a current associated with the drift of photoexcited carriers in surface-space-charge fields. The second-order term describes the instantaneous electrooptic coupling, set up by difference-frequency mixing of the laser fields. It has the same symmetry as the atomic-
but is of opposite sign. Both terms form an effective Raman tensor in polar materials [14] :
In addition, third-and higher-order nonlinear polarizations have to be taken into account, when strong femtosecond laser pulses excite the surface. For the third-order term to be effective, symmetry selection rules for elements of the 43rn group require a third field (e.g., Era) in (100)-direction [15] . Coherent LO phonon generation via ultrafast photocurrents can be understood in a simple, but very illustrative picture: In polar semiconductors the conduction and valence bands are bent at the surface (Fig. la) , because of Fermi-level pinning at charged surface states [16] . This results in a static electrical field perpendicular to the surface
w where x denotes the j = (100) direction, E s the static electric surface held, and w the depth of the depletion zone Es = V (vb -v-- (6) with q the electron charge, c(0 ) the static dielectric constant, and Vbi the built-in potential, which is 0.7 eV and 0.5 eV in n-and p-doped GaAs, respectively. The term kT/q is negligible at room temperature. Thus, the static electric surface field E s and the depth of the surface space-charge by an externally applied bias voltage U. In any case, illumination of the surface will give rise to a screening of the surface field depending on the excitation density. Figure lb illustrates the case of strong illumination, leading to near-flat band conditions at the end of the pump pulse duration. The static electrical field polarizes the crystal lattice in the surface-space-charge region giving an atomic displacement [17] O~ _ Co(Qo ) -c(~)) Ne* Es ' (7) where N is the density of pairs of atoms per unit cell, and E s the electrical surface held as defined above. For n-type GaAs of a typical doping level of N O = 5 x 1017 cm -3 the surface held is E s = 310kV/cm, leading to an atomic displacement of Q~ = 8 x 10 .3 •. Figure 2 shows a simple, one-dimensional illustration of this situation. The crystal lattice is represented by a linear chain of coupled, oppositely charged ions. When a static electric field is applied along the chain, the atoms will follow in accordance to their charge, thus deforming the chain longitudinally (Fig. 2b) . Certainly the atoms will relax to a new equilibrium position (Fig. 2a) , when the electric field is switched off. If this process is very fast, the a)
• .
t=-T/2 It should be noted that the amplitude is determined by both the static atomic displacement as well as the speed of depolarization, which determines the driving force. At the surface of semiconductors the surface-spacecharge fields are modified ("switched off") by optical injection of free carriers. These photocurrents give an additional polarization Pj (t) = f Jj (t') dr'. The central part of our experiments is concerned with the question, whether the rise time of this longitudinal polarization is sufficiently short to launch coherent LO phonons. reflectivity change is
where R 0 is the unperturbed reflectivity. In order to detect these field-induced reflectivity changes, highly sensitive detection schemes have to be applied. Ultrashort laser pulses of 50 fs duration and 2 eV energy derived directly from a dispersion-compensated CPM-ring-dye laser, are split in a conventional pump-probe set-up into a strong pump-pulse and an orthogonally polarized weak probe pulse. After traversing different paths, the two beams are focused on the sample. The probe pulse is polarized parallel to the (010) crystal axis. The reflected part of the probe beam is split via a polarizing cube beam splitter into its orthogonal components along the (0i 1) and (0i i) directions. The difference in reflectivity change of the two orthogonal components is proportional to the electric field changes in (100)-direction AReo
R(0i,)(t) -R(0ii)(t ) ~ 4n~r41
. (10) The experimental set-up of this reflective, electro-optic sampling (REOS) technique [12, 13] is exhibited in Fig. 3b . Time-resolved measurements are accomplished by scanning the optical path difference between the pump and probe beams by a retroreflector mounted on a shaker-scanner driven at 50-200 Hz. Maximum time delays are 2-20 ps, depending on the shaker frequency. The difference signal is directly fed into a specially developed data-acquisition system, comprising a high-speed data-acquisition unit and a 4 MHz 12-bit AD converter [18] . With this "fast-scan" technique, detectable signal changes are a few 10 -7 when averaging over 105 scans within 10min.
Additionally, a time derivative technique has been used [19] . In this case, the shaker, driven at a frequency of u s = 600 Hz, modulates the time delay with a small amplitude of less than At 0 = 20 fs. The recorded signal A R of this
Electro-Optic Detection
The longitudinal field changes associated with the charge separation and the coherent LO phonons deform the optical indicatrix of (100)-oriented III-V-compounds via the electro-optic effect (Fig. 3a) . The index of refraction is modified according to 1 3 n('y) = n o + ~ nor41AEooo) sin(27) (8) where n 0 is the isotropic index of refraction, r41 the electrooptic coefficient, AEo00) the electrical field in (100) direction, and 3' is the angle between the polarization of the probe beam (in the (100) plane) and the (001) crystal axis. Neglecting contributions of changes in the absorption coefficient, the (11) neglecting higher terms in At = A t o sin(27rust ). Using a Lock-In amplifier with a reference frequency of u s, the time derivative signal of A R / R o is obtained. In this casethe time delay between pump and probe is accomplished via a stepper-motor-driven delay stage. The sensitivity of this differential detection technique is comparable to that of the fast-scan technique.
It is important to note that the time differential technique allows time-resolved measurements of the current Jj within the surface-space-charge region. Thus, the time differential REOS technique is able to supply data on microscopic details of microwave emission of photoexcited III-V-compounds, which has recently been investigated by many groups through THz experiments (see e.g., [20] ). The transient photocurrent, OJj/Ot in the surface-space-charge region radiates electromagnetic waves in the far infrared, which are detected with photoconductive dipole antennas. The spectral resolution is usually limited to approximately 2 THz. With the time-resolved differential REOS technique experimental data on the dynamics of photoexcited carriers are obtained with a much better temporal resolution. 
Eperimental Results and Discussion

. Time-resolved REOS signals for p-(--)-and n-(---)-doped
GaAs, especially doped with ND'P = 2 × 1018 cm -3. The inset shows the enlarged part of the phonon-induced periodic REOS modulation obtained via two-photon absorption in GaP. The excitation density is estimated to 1 x 1018 cm -3. Obviously, the REOS signals can be separated into two components. A strong positive (or negative) reflectivity change is periodically modulated by minute oscillations. The first part corresponds to transport of the photoexcited electron-hole pairs in the surface space-charge region. A very fast initial signal change is observed, which follows closely the build-up of non-equilibrium, photoexcited carriers. The signal dynamics is related to ultrafast screening of the surface field. A slower change follows, caused by the spatial redistribution of the free carriers within the surface-spacecharge region. At time delays of picoseconds the field is completely screened and a near flat-band condition is approached.
Numerical simulations of the carrier dynamics have been performed based on a drift-diffusion equation. The temporal evolution of the transient electrical field is derived via Poisson's equation in a self-consistent way. Excellent agreement to the experimental data is obtained, when a saturated drift velocity of (5-10) × 106 cm/s is introduced in the simulations [21] .
The period of the minute signal modulation matches exactly the frequency of the F~5-LO phonon (8.75 THz) in GaAs. In the inset of Fig. 4 the phonon-induced oscillations of p-and n-doped GaAs are shown enlarged on a time scale of 600 fs. Obviously, the phase of the oscillation is shifted by 7r between the n-and p-doped sample. Both oscillatory signals can be described by an exponentially decaying cosine. This cosine behaviour indicates that the driving force is associated with the relaxation of the initial, field-induced polarization of the lattice. The initial phase (0 or 7r) is determined by the sign of the driving force. Remarkable differences in phonon-induced signal changes between p-and n-doped samples occur, although the static atomic displacements in both cases are comparable. The static surface fields are of comparable magnitude at equal doping densities in p-and n-doped GaAs, see (5-7). The phonon-induced REOS signal changes are, however, much larger in the case of p doping. In this sample, the initial signal change (rise) is observed to be much faster than in the case of n doping. This fact serves as first evidence that the amplitude of coherent phonons is determined by the time derivative of the polarization, i.e. the current density J(t).
To gain more quantitative insight into the relation between phonon amplitude and the initial carrier dynamics, the screening of the electrical surface field has been modified by varying the density of photoexcited electron-hole pairs. The initial static surface-field-induced atomic displacement has been kept constant by performing the experiments on the same sample. Thus, the phonon amplitude in these experiments fs only affected by the temporal variation of the longitudinal polarization due to the current surge. In Fig. 5 carrier densities (Nex c _> 5 x 1018 cm -3) the field is completly screened within the duration of the pump pulse. At low excitation densities, however, the signal dynamics becomes more dominated by transport processes over larger distances. The amplitude of coherent phonons is, however, closely related to the magnitude of the current surge and vanishes for lower excitation densities (Nex e <_ 2 x 1017 cm-3), where the rise of the REOS signal is rather slow.
To clarify the exact dependence of the phonon amp! itude on the initial field dynamics, the excitation density is changed in very fine steps of about 10% from 4 × 1017 cm -3 to 4 × 1018 cm -3. The experiments are performed on a specially prepared n -(4 × 1017cm-3)-doped GaAs sample with a transparent Indium-Tin-Oxide (ITO) Schottky contact in order to apply additional internal electric fields. All experiments are performed at a fixed voltage of U = -2 V in order to increase the signal dynamics. In Fig. 6a , the maximum value of the time-derived REOS signal ((OAR)lOt ~ Jj) characterizing the initial field change due to the current surge Jm~x is plotted against the excitation density. A strictly linear relation has been found, indicating the well-known relation Jj = qvN with N = Nex c and a constant drift velocity v, which has been found independently by the numerical simulations mentioned above [21] . The phonon induced REOS signal AReo(WLO)/R o is closely related to the strength of the current surge Jma× as demonstrated in Fig. 6b . There, the oscillation amplitude is plotted versus the maximum of time-differential REOS signal. Thus the amplitude of the coherent displacement is entirely determined by the magnitude of J(t).
In a complementary experiment, the influence of the initial lattice polarization is investigated. The surface fields are varied by external fields, while the carrier density is kept fixed at 5 × 1017cm -3. In Fig. 7 the corresponding timeresolved REOS signals are depicted for external voltages between ÷0.5V to -1 . 5 V . Both, the initial rise of the REOS signals as well as the phonon signal increase with increasing electrical fields. In Fig. 8 the maximum phononinduced signal change is plotted against the value of the initial field at zero time delay for several voltages. The strictly linear relation confirms that the initial depolarization of the surface field acts as a driving force for the coherent LO phonons, and that the phonon amplitude scales with the initial static atomic displacement.
To study possible alternative generation mechanisms for coherent LO phonons, we performed a detailed study of sym- and amplitude of the phonon oscillations, remain unchanged. This is clear evidence for a strictly isotropic generation process, contrary to what is expected from the symmetry requirements of ISRS. Furthermore, coherent oscillations induced by conventional nonresonant ISRS excitation mechanism require a Q(t) ~ sin(wLO~ ) behaviour in contradiction to the experimentally observed Q ( t ) ~ cos(cOLot) signal. In the inset of Fig. 9 the extracted phonon signal is illustrated together with an exponentially decaying Q(t) ~ sin(wLOt) fit. The sine-dependence of the time derivative signal is, of course, equal to a Q(t) ~ cos(wLOt) behaviour in the REOS signal obtained in the fast-scan mode (Fig. 4) .
The only nonlinear polarization left is then of third order. The non-vanishing components in the case of 43m group elements in our experimental configuration are x x y y = x x z z , x y x y = x z x z and x y y x = x z z x [15] , where the third field, along x, is given by the surface field. The resulting thirdorder nonlinear polarization is then independent of the initial polarization of the (pump)-laser fields ( x y y x = x z z z ) . This Franz-Keldysh-type effect was also discussed by Gay et al. [22] as being responsible for the generation of field-induced Raman scattering (FIRS) in a number of III-V-compounds using cw lasers. The concept of polarized, intermediate excitonic states [23] has also been introduced recently, to explain details of the Far-Infrared (FIR) radiation emitted from III-V-semiconductor surfaces when irradiated with fs laser pulses. There, the emitted THz signal is explained by a thirdorder nonlinear polarization phenomenon, whose order is lowered to X (2) by a symmetry-breaking surface field. It is important to mention that, in contrast to their explanation and experimental findings, our experimental observations of both the surface field and the phonqn-induced signal components reveal a complete isotropic behaviour (Fig. 9) . Simple ultrafast drift-diffusion processes of the photoexcited carriers within the surface-space-charge region are sufficient to explain all of the experimental results presented here.
The field-induced Raman scattering (FIRS) dominates the allowed Raman scattering only, when the laser frequencies are close to electronic resonances, e.g. direct gaps [24] . In FIRS experiments at the E I(T = 300 K) = 2.9 eV resonance in (100) GaAs an extremely resonant behaviour is observed [25] . Temperature detuning of the gap by only 50 meV out of resonance to the exciting laser frequency leads to a decrease of the Raman scattering efficiency by appr. 4 decades. Thus, FIRS effects should be negligible at our laser energy of 2eV. Temperature-dependent REOS measurements reveal no enhancement of the phonon amplitude between 4 K and 300 K, as would be expected from the temperature-induced shift of the E 1 and E 0 + A0-ga p (= 1.77eV at 300K). Furthermore, FIRS predicts an instantaneous, short-lived nonlinear polarization, with a duration comparable to the laser pulse width. Such features are not observed in our experiments.
Conclusion
Detailed investigations of the generation mechanismen of LO phonons in surface-space-charge regions have been performed in GaAs. High-sensitive, time-resolved femtosecond pump-probe experiments allow the detection of the amplitude and the phase of coherent oscillation with high accuracy. The ultrafast screening of electrical surface fields due to ultrafast drift-and diffusion-controlled photocurrents is the main driving force for coherent LO phonons. Further possible excitation mechanisms such as the Raman process (ISRS) and a second-order nonlinear polarization are excluded by symmetry arguments. Temperature-dependent REOS measurements reveal that field-induced Raman scattering (F1RS) at the E 1 or the E 0 ÷ A0-ga p can be neglected.
